Abstract Sulfones are versatile intermediates in organic synthesis and important building blocks in the construction of biological active molecules or functional materials. This review provides a summary of recent developments in the synthesis of sulfones.
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Introduction
Sulfones (R-SO 2 -R) are versatile synthetic intermediates in organic chemistry, and molecules bearing a sulfone unit have found various applications in diverse fields such as agrochemicals, pharmaceuticals and polymers. 1 The sulfone group can be employed as a temporary modulator of chemical reactivity. Therefore a variety of different transformations are feasible with this functional group, leading to the description of sulfones as 'chemical chameleons'. 2 Sulfone groups can function as activating, electron-withdrawing substituents in Michael acceptors 1, 3 or as good leaving groups producing a sulfinate anion, a reactivity that often facilitates removal of the sulfone moiety after the desired transformation. 1, 4 In addition, sulfone groups can stabilize adjacent carbanions. 1, 5 Classical reactions of sulfones in organic synthesis include the Ramberg-Bäcklund reaction of α-halo sulfones 6 or the Julia-Lythgoe as well as the modified Julia olefination (Scheme 1).
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Scheme 1
Apart from these classical transformations, sulfones have been employed as versatile intermediates for the preparation of various product classes, for example the van Leusen synthesis of oxazoles and imidazoles 8 or the synthesis of quinolines (Scheme 2). Due to their distinct electronic and structural features, sulfones play a prominent role in various fields of applications. A large number of biologically active molecules contain this functional group. 10 The sulfone scaffold is thus of particular relevance in medicinal chemistry. Molecules used against diverse medical indications such as eletriptan 11 (treatment of migraine), bicalutamide 12 (treatment of prostate cancer) or the antibacterial dapsone 13 feature a sulfone unit (Figure 1 ). The sulfone group is also embedded in various important agrochemicals, for example mesotrione, 14 pyroxasulfone 15 or cafenstrole 16 ( Figure 1 ). Sulfonecontaining polymers display interesting properties and bisphenol S (Figure 1 ) is used replacement for bisphenol A. 17 Considering this plethora of possible applications, it is not surprising that a number of efficient methods for the synthesis of sulfones have been developed. Indeed, the first methods were reported in the 19 th century. The constant demand for efficient, robust and more sustainable approaches for the preparation of sulfones has led to a resurgence of research activities in this field in recent years. This review highlights advances in the synthesis of sulfones until the end of 2015. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Oxidation of Sulfides
The oxidation of sulfides is perhaps still the most favored method for the synthesis of sulfones. While a variety of oxidants can be used for this transformations, 1 peracids or hydrogen peroxide in combination with acetic acid are most frequently employed (Scheme 3). 18 In general, excess oxidizing agent, high temperatures and/or long reaction times are necessary to achieve complete conversion of the intermediate sulfoxide to the sulfone. In most cases, existing procedures will furnish the desired sulfones in acceptable yields. Current research focuses mainly on safe oxidation reagents, such as urea-hydrogen peroxide, 19 catalytic systems for milder and faster oxidations 20 and solvent-free systems 21 or highly sustainable methods. 
Aromatic Sulfonylation
Another widely used strategy for the synthesis of sulfones involves the reaction between a (hetero)arene and a sulfonyl halide or sulfonic acid in the presence of a suitable Lewis or Brønsted acid catalyst (Scheme 4). 1 Sulfonyl chlorides are most commonly employed in these Friedel-Craftstype reactions and substituents on the (hetero)arene exert activating/deactivating as well as directing effects as expected for electrophilic aromatic substitutions. 23 Typically, these reactions are performed in the presence of stoichiometric amounts of conventional Lewis or Brønsted acid, such as aluminum trichloride, iron(III) chloride or phosphoric acid.
24
Scheme 4
In general, these reactions suffer from the typical drawbacks of Friedel-Crafts-type processes, such as harsh reaction conditions, low regioselectivity, the need for stoichiometric amounts of the catalyst, and the generation of substantial quantities of hazardous waste. Therefore, a variety of more efficient catalysts have been developed throughout the last decades. 25 Special emphasis was placed on more sustainable methods such as reusable solid acids, 25e solvent-free 25i or ionic-liquid-based 25d,f systems and reactions 
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with low catalyst loadings. 25i The direct sulfonylation of arenes with sulfonic acids in the presence of acid catalysts has also been reported.
25e,26 Activation of the sulfonic acid with suitable reagents, such as phosphorus pentoxide or triflic anhydride, leads to the in situ formation of reactive mixed anhydrides and an efficient sulfonylation of arenes at room temperature.
27
Sulfones are frequently encountered side-products in the sulfonation of arenes with sulfuric acid. 28 They are formed by the reaction of the intermediate sulfonic acid with an excess of the arene. Removal of water during the reaction furnishes the symmetrical diaryl sulfone as the major product (Scheme 5). 29 In a similar manner, symmetrical diaryl sulfones can be prepared by the reaction of an arene with dimethyl pyrosulfate in the presence of sulfuric acid.
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Scheme 5
Rao and co-workers reported a similar method. 31 Their procedure enables the one-pot synthesis of symmetrical as well as unsymmetrical diaryl sulfones starting from arenes, a persulfate salt, trifluoromethanesulfonic acid (TfOH) and trifluoroacetic acid anhydride (TFAA) (Scheme 6). The reaction is presumed to proceed via a sulfonic acid which is activated to the corresponding anhydride with TFAA.
Scheme 6
An unusual process is the sulfonylation of arenes with sulfonamides in the presence of triflic anhydride as activating agent. 32 This method provides an alternative access to aryl sulfones using a stable primary sulfonamide as sulfonylating agent (Scheme 7).
Scheme 7
Alkylation/Arylation of Sulfinates
The salts of sulfinic acids are useful precursors for the synthesis of sulfones. Sulfinates are powerful nucleophiles and react with a variety of different electrophiles at the sulfur atom to form sulfones. 1, 33 Only in the case of hard alkylating agents, such as dimethyl sulfate or diazomethane, does O-alkylation occur, and the corresponding sulfinate esters are produced predominantly (Scheme 8).
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Scheme 8
Typical electrophiles include alkyl halides, 34, 35 epoxides, 36 Michael acceptors, 37 and aryl halides activated towards nucleophilic aromatic substitution (Scheme 9). 38 Although the reactions are generally high-yielding, simple to perform and suitable for a broad scope of alkylating agents, this approach is limited owing to the modest availability of sulfinate salts. Recent developments in this field include the sulfonylation of five-and six-membered heterocycles with sodium sulfinates by way of nucleophilic aromatic substitution (Scheme 10). 39 Both methods enable the transition-metalfree synthesis of heterocyclic sulfones, of particular relevance for medicinal chemistry.
Scheme 10
In a similar manner, diaryliodonium salts, powerful arylating reagents, 40 react with sodium sulfinates in the absence of any catalyst. 41 In contrast to classical S N Ar reactions, this method is not limited to activated arenes, and unsymmetrical diaryliodonium salts can transfer one aryl moiety with high degrees of chemoselectivity (Scheme 11).
Scheme 11
Mhaske and Pandya developed a transition-metal-free process for the synthesis of aryl sulfones based on the addition of sodium sulfinates to in situ generated arynes (Scheme 12).
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Scheme 12
Chen, Yu and co-workers extended the transitionmetal-free coupling of sodium sulfinates to employ vinyl halides (Scheme 13). 43 The reaction proceeds in water with catalytic amounts of an acid and a phase-transfer catalyst. An addition-elimination mechanism is proposed for this transformation. 
Review Syn thesis Scheme 13
The lithium bromide catalyzed reaction of sodium sulfinates with terminal epoxides in water provides a sustainable approach for the preparation of vinyl sulfones (Scheme 14). 44 A mixture of the internal and the terminal regioisomer is obtained in most cases. The regioselectivity is governed by electronic and steric effects of the expoxide substituent. The reaction is presumed to proceed through initial expoxide opening with the sulfinate followed by dehydration of the formed β-hydroxy sulfone.
Scheme 14
Liang and co-workers developed a synthesis of vinyl sulfones starting from sodium sulfinates and 1,2-dibromides in the absence of any catalyst. 45 The method provides the (E)-vinyl sulfone as the major stereoisomer or sole product (Scheme 15).
Scheme 15
Sreedhar and co-workers reported an iron(III) chloride catalyzed direct sulfonylation of activated alcohols with sodium sulfinates (Scheme 16). 46 The reaction proceeds through an activation of the alcohol and formation of a stabilized carbocation.
Scheme 16
The Ji group developed a one-pot synthesis of allylic sulfones, β-keto sulfones or triflic alcohols from allylic alcohols and sulfinic acids. 47 Substitution of the allylic alcohol yields the allyl sulfone. Direct treatment of the reaction mixture with phenyliodine(III) diacetate (PIDA) and sulfuric acid leads to an oxidative rearrangement of the allyl sulfone and formation of β-keto sulfones. For triflated intermediates, no migration is observed and triflic alcohols are obtained instead (Scheme 17). 
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Scheme 17 Tian and co-workers reported a catalyst-free alkylation of sulfinic acids with allylic and benzylic sulfonamides. 48 Cleavage of the C-N bond takes place even at room temperature (Scheme 18).
Scheme 18
Sulfonyl hydrazides can be considered as masked sulfinates, as treatment of a hydrazide with base or with water and heating can liberate the free sulfinic acid or the corresponding salt. 1, 49 If unmasking of the sulfinate is performed in the presence of a suitable electrophile, formation of a sulfone occurs. Exploiting this reactivity, Petrini and coworkers reported the synthesis of sulfones from alkyl and activated aryl halides and p-toluenesulfonyl hydrazide with sodium acetate as base (Scheme 19).
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Scheme 19
In a similar manner, sulfonyl hydrazides react with Michael acceptors to yield the corresponding ethyl sulfones. 51 The reaction proceeds in water without any catalyst (Scheme 20).
Scheme 20
Tang and co-workers reported a sulfonylation of allylic acetates with sulfonyl hydrazides in water. 52 The reaction is catalyzed by tetrabutylammonium iodide (TBAI), and tertbutyl hydroperoxide (TBHP) is employed as cooxidant (Scheme 21). 
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Scheme 21 Li and co-workers reported an interesting approach starting from 1,2-bis(phenylsulfonyl)ethane as sulfinate precursor. 53 In the presence of a palladium catalyst, cleavage of one C-S bond and formation of a palladium-sulfinate complex occurs. Transfer of the sulfinate to an activated alkyne affords the (E)-vinyl sulfone in good yields (Scheme 22).
Scheme 22
Allylic alcohols react with arenesulfonyl cyanides to afford trisubstituted allyl sulfones (Scheme 23). 54 Tian and co-workers developed a method to convert benzylic and allylic alcohols into the corresponding sulfones using sulfinyl chlorides (Scheme 24). 55 The reaction proceeds through in situ formation of a sulfinic acid or a sulfinate ester and is catalyzed by the by-product HCl.
Scheme 24
Addition to Alkenes and Alkynes
The addition of sulfonyl radicals to alkenes and alkynes is an important method for the synthesis of sulfones (Scheme 25). 1, 56 Since the first reports on addition of sulfonyl halides to alkenes in the presence of radical initiators, light or copper(I) chloride, 57 various improvements and modifications of this atom-transfer radical addition (ATRA) process have been developed. Sulfonyl radicals can be generated from sulfonyl haldes, sulfonyl selenides, sulfonyl hydrazides, sulfonyl azides, or by the oxidation of sulfinates.
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Scheme 25
Ruthenium complexes are amongst the most efficient catalysts for the ATRA of sulfonyl chlorides to olefins. Catalyst loadings as low as 0.1 mol% and high turnover frequencies are observed for modified cyclopentadienyl-ruthenium complexes. 
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Addition of sulfonyl halides to alkynes affords halogenated vinyl sulfones. In general, the (E)-β-halovinyl sulfones are obtained as either the major or the sole diastereomer (Scheme 26).
1,57 Nakamura and co-workers reported an iron-catalyzed regio-and stereoselective addition of sulfonyl chlorides to terminal alkynes (Scheme 26). 61 A bromosulfonylation of terminal alkynes was achieved with a triethylborane-initiated sulfonyl radical generation.
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Scheme 26
The Kang group developed methods for the synthesis of heterocyclic compounds based on the radical additions of tosyl bromide or iodide to allenes. 63 Treatment of the resulting allylic halides with base furnished the corresponding heterocycles (Scheme 27).
Scheme 27
The ATRA of tosyl bromide to bisallenes leads to the formation of five-membered rings bearing an exocyclic vinyl sulfone via a 5-exo-trig cyclization (Scheme 28).
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Scheme 28 1,6-Diynes react with tosyl bromide in a similar manner, affording bromo-substituted sulfonylated methylcyclopentenes via a 5-endo-dig cyclization (Scheme 29).
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Scheme 29
Generation of sulfonyl radicals from the corresponding azides is also possible. For example, Mantrand and Renaud developed a radical-mediated azidosulfonylation of alkenes, dienes and enynes with phenylsulfonyl azide (Scheme 30). 66 The reaction is limited to 1,6-dienes, 1-en-6-ynes, or alkenes that are able to undergo a rapid radical rearrangement. In the case of simple alkenes, no reaction is observed owing to the reversibility of the sulfonyl radical addition and the low reaction rate of the final azidation of secondary alkyl radicals.
Sulfinic acids and their salts are competent radical precursors and yield the corresponding sulfonyl radicals upon single-electron oxidation. Various methods have been reported for the generation of sulfonyl radicals from sulfinates or the free acids. 1, 56, 58 Addition to an alkene or alkyne can yield the formal hydrosulfonylation product as well as various other sulfonylated products arising from different trapping processes. Two-electron oxidation of sulfinic acids can yield a sulfonyl cation, which can undergo similar reactions with double or triple bonds. 
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Taniguchi reported a copper-catalyzed addition of sodium sulfinates to alkenes and alkynes. 67 Addition to alkenes affords (E)-vinyl sulfones via an addition-elimination process. Reaction of alkynes in the presence of potassium halides furnishes (E)-β-haloalkenyl sulfones (Scheme 31). This method was later extended to a formal hydrosulfonylation of alkynes.
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Scheme 31 DMI = 1,3-Dimethyl-2-imidazolidinone Jiang and co-workers reported a palladium-catalyzed addition of sodium sulfinates to alkynes affording (E)-vinyl sulfones (Scheme 32).
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Scheme 32
Kuhakarn and co-workers developed a PIDA and potassium iodide mediated synthesis of vinyl sulfones and β-iodovinyl sulfones (Scheme 33). 70 The reaction of sodium sulfinates with alkenes furnishes β-iodo sulfones, which eliminate to the corresponding vinyl sulfones under the reaction conditions or upon treatment with base. In the case of alkynes, (E)-β-iodovinyl sulfones are obtained as products. An in situ formation of sulfonyl iodides as reactive species is proposed. 
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The potassium persulfate promoted direct sulfonylation of N-phenylmethacrylamides with sulfinic acids leads to the formation of sulfonylated oxindoles (Scheme 34).
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Scheme 34
In general, the addition of sulfinic acids or sulfinates to alkynes leads to the regioselective formation of the antiMarkovnikov-type products. Shi and co-workers reported a gold-catalyzed synthesis of α-substituted vinyl sulfones. 72 In the presence of a suitable gold catalyst and gallium(III) triflate, regioselective Markovnikov addition to terminal alkynes takes place (Scheme 35).
Scheme 35
Visible-light-photocatalyzed oxidation of sulfinates or sulfinic acids provides an attractive alternative for the generation of sulfonyl radicals. König and co-workers developed a visible-light-mediated addition of sodium sulfinates to alkenes. 73 This method provides a general and simple procedure for the synthesis of vinyl sulfones (Scheme 36).
Scheme 36
Visible-light-initiated addition of sulfinic acids to Narylacrylamides furnishes sulfonylated oxindoles via an addition/cyclization cascade (Scheme 37). 74 
Scheme 37
Under similar reaction conditions, sulfinic acids react with phenyl propiolates to afford coumarins (Scheme 38). 
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Syn thesis Scheme 38 In the presence of oxygen or another oxidant as radical trapping reagent, the addition of sulfonyl radicals to alkenes and alkynes yields the corresponding hydroxy or keto sulfones. Taniguchi reported a nickel-catalyzed hydroxysulfonylation of alkenes with sodium sulfinates in the presence of air. 76 Addition to disubstituted alkenes leads to the formation of trans-substituted β-hydroxy sulfones independent of the olefin configuration (Scheme 39).
Scheme 39
The oxidative addition of sodium sulfinates to terminal alkenes can be catalyzed by molecular iodine in the presence of air. 77 Oxygen acts as terminal oxidant, while iodine serves as radical initiator and reducing agent for the initially formed β-hydroperoxo sulfone (Scheme 40).
Scheme 40
Interestingly, addition of sulfinic acids to alkenes can be mediated by oxygen alone. 78 A basic additive, such as pyridine, enhances the reaction rate considerably (Scheme 41). The reaction proceeds through the initial formation of a β-hydroperoxo sulfone, which is reduced to the corresponding hydroxysulfone upon workup with triphenylphospine.
Scheme 41
Yadav and co-workers reported a silver nitrate and potassium persulfate promoted synthesis of β-keto sulfones starting from alkenes and sodium sulfinates. 79 The same keto sulfones can be also prepared by the oxygen-initiated addition of sulfinic acids to alkynes (Scheme 42). 
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Sulfonyl hydrazides can be employed as stable and easily accessible starting materials for the sulfonylation of double and triple bonds. Jiang and co-workers reported a copper-catalyzed synthesis of vinyl sulfones based on the oxidative cleavage of a hydrazide, followed by reaction of a reactive sulfonyl species with the alkene (Scheme 43). 81 Lei and co-workers were able to achieve the generation of sulfonyl radicals from sulfonyl hydrazides with catalytic amounts of potassium iodide and TBHP (Scheme 43).
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Scheme 43
Interestingly, in the presence of stoichiometric amounts of iodine, the TBHP-mediated reaction of sulfonyl hydrazides with alkenes yields the corresponding β-iodo sulfones (Scheme 44). 83 Performing the same reaction with alkynes furnishes (E)-β-vinyl sulfones (Scheme 45).
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Scheme 44 Scheme 45
In the presence of catalytic amounts of copper acrylate and iron(II) chloride, the reaction of sulfonyl hydrazides with alkynes affords (E)-vinyl sulfones (Scheme 46). 85 The iron-catalyzed reaction of sulfonyl hydrazides with alkenes in the presence of air yields β-hydroxy sulfones (Scheme 47). 86 With Cu(OAc) 2 as catalyst, the reaction of sulfonyl hydrazides with alkenes affords the corresponding β-keto sulfones (Scheme 48). Breit and co-workers reported a rhodium-catalyzed synthesis of branched allylic sulfones starting from terminal alkynes and sulfonyl hydrazides (Scheme 49). 88 The reaction proceeds via a benzoic acid mediated formation of a rhodium-allyl species, which undergoes nucleophilic displacement with a sulfinic acid generated in situ from the sulfonyl hydrazide.
Scheme 49
Another approach to allylic sulfones is the TBAI/TBHPmediated reaction of sulfonyl hydrazides with α-substituted styrenes (Scheme 50). 89 Generation of a sulfonyl radical, followed by addition to the double bond and elimination leads to the formation of nonconjugated sulfones.
Scheme 50
Qu, Chen and co-workers developed a copper-catalyzed sulfonylation of alkynes with tert-butylsulfinamide (Scheme 51). 90 Phosphorous acid serves as terminal reducing agent and the oxidation of the sulfinyl (SO) to the sulfonyl (SO 2 ) moiety takes place under the reaction conditions.
Scheme 51
Widely available dimethyl sulfoxide (DMSO) is a suitable starting material for the methylsulfonylation of alkenes and alkynes. The ammonium iodide induced addition of DMSO to alkenes yields (E)-vinyl methyl sulfones (Scheme 52) . 91 The authors propose that the reaction proceeds via the generation of thiomethyl radicals and water serves as the source of the second sulfonyl oxygen.
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Scheme 52
The groups of Chen and Qu and the group of Loh reported two procedures for the copper-catalyzed synthesis of (E)-vinyl methyl sulfones from alkynes in DMSO.
92 Diethyl H-phosphonate acts as terminal reducing agent (Scheme 53). Loh showed that under identical conditions, the reaction of alkenes affords β-keto sulfones (Scheme 54). Several groups have developed decarboxylative couplings of sodium sulfinates and cinnamic acids for the synthesis of vinyl sulfones. These reactions can be mediated by PIDA, 93 catalytic ammounts of copper(I) chloride, 94 iodine and TBHP, 95 or iodine 96 and even proceed in the absence of any catalyst at high temperatures in DMSO 97 (Scheme 55). A mechanism consisting of sulfonyl radical formation followed by addition to the alkene and decarboxylation is proposed for all transformations.
Scheme 55
Liu and Li reported a copper/silver-mediated domino reaction for the synthesis of 2-sulfonylbenzofurans based on a cyclization-decarboxylation sequence (Scheme 56).
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Scheme 56
Interestingly, palladium-catalyzed 69 as well as phosphoric acid mediated 99 decarboxylative coupling reactions of sodium sulfinates with aryl propiolic acids affords (E)-vinyl sulfones (Scheme 57).
As mentioned previously, sulfonyl hydrazides are attractive alternatives to sulfinates in various transformations. Accordingly, the iodine-mediated reaction of sulfonyl hydrazides with cinnamic acids yields (E)-vinyl sulfones via a radical addition and carbon dioxide extrusion (Scheme 58). 100 The copper- 101 or copper/iron-catalyzed 86 decarboxylative hydrosulfonylation of phenyl propiolic acids with sulfonyl hydrazides furnishes the corresponding vinyl sulfones (Scheme 59). 
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Scheme 59
Lei and co-workers developed a copper-catalyzed decarboxylative oxosulfonylation of arylacrylic acids with sulfinic acids (Scheme 60). 102 Evidence for a single-electrontransfer process between copper and the sulfinic acid was provided by extensive spectroscopic studies.
Scheme 60
Vinyl acetates are suitable olefins for the synthesis of β-keto sulfones. Sulfonylation of vinyl acetates with sulfonyl hydrazides mediated by either iron(III) chloride in the presence of air 103 or TBAI and TBHP 104 affords the oxidative coupling products via a radical addition (Scheme 61).
Scheme 61
A photoredox-catalyzed addition of sulfonyl chlorides to vinyl acetates for the synthesis of β-keto sulfones was developed by Zhang, Yu and co-workers (Scheme 62). 
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The TBAI-mediated oxidative coupling of enamides with sulfonyl hydrazides yields β-keto sulfones in a similar fashion (Scheme 63). 
Miscellaneous Methods
Apart from these first four important approaches for the preparation of sulfones, several other synthetic routes exist. The reaction of sulfonic acid derivatives, such as sulfonate esters, or sulfonyl chlorides, with organometallic reagents produces sulfones (Scheme 64). 1, 107 Generally, these reactions are low-yielding and limited to certain substrate combinations. For example, reactions with sulfonyl chlorides frequently afford the corresponding sulfoxides as the major products. 108 It has been shown that sulfonyl fluorides are superior electrophiles for reactions with organomagnesium or organolithium reagents.
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Scheme 64
Katritzky reported on N-sulfonylbenzotriazoles as advantageous reagents for the sulfonylation of lithiated heterocycles or lithium enolates (Scheme 65).
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Scheme 65
In the presence of Lewis or Brønsted acid, aryl sulfonates and aryl sulfonamides will rearrange to the corresponding hydroxyaryl and aminoaryl sulfones, respectively (Scheme 66). 24a,111 This exetension of the classical Fries rearrangement affords a mixture of ortho and para isomers. Solvents and substituents on the aromatic ring can affect the ortho/para ratio.
Scheme 66
Wang and co-workers reported a copper-catalyzed rearrangement of N-tosylhydrazones to (E)-vinyl sulfones. 112 Prabhu and Ojha developed a similar reaction mediated by cyanogen bromide and a phase-transfer catalyst (Scheme 67). Scheme 67 In the presence of a copper catalyst, sulfonyl hydrazones can undergo nitrogen extrusion to yield sulfones (Scheme 68).
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Scheme 68
Jiang and Tu reported a THBP/TBAI-mediated synthesis of allenyl sulfones starting from propargylic alcohols and sulfonyl hydrazides (Scheme 69). 115 The authors propose the formation of a sulfonyl hydrazone followed by a radical fragmentation/coupling process to afford the final product.
Scheme 69
Dienediones react with sulfonamides in an acid-mediated cascade process furnishing sulfonated cyclopentanes with three contiguous stereocenters (Scheme 70).
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Scheme 70
The reaction of sulfur dioxide with dienes yields sulfolenes in a chelotropic reaction. Although this [4+1] cycloaddition is one of the classical textbook examples for a stereospecific, pericyclic reaction, it is rarely used in organic synthesis. 1, 117, 118 Vogel and Sordo showed that the reaction of dienes with sulfur dioxide can indeed produce not only one but two products. 119 Under kinetic control (< -60 °C), a hetero-Diels-Alder reaction takes place and the corresponding sultine is formed. Under thermodynamic control (> -40 °C), the sulfolene is formed (Scheme 71).
Scheme 71 3 Metal-Catalyzed Coupling Reactions
In the last 15 years, transition-metal-catalyzed coupling reactions of either sulfinates as nucleophilic or sulfonyl halides as electrophilic coupling partners have emerged as at- 
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tractive alternatives to the traditional procedures. They allow the synthesis of sulfones in a regiospecific manner, often under milder reaction conditions compared to those used in sulfide oxidation or electrophilic sulfonylation reactions. Therefore metal-catalyzed coupling reactions can expand the functional group compatibility considerably.
Since the first report by Suzuki and Abe on the copperassisted coupling of sodium sulfinates with non-activated iodoarenes, 120 various improvements have been developed. The introduction of ligands such as proline, 121 N,N-dimethyethylenediamine (DMEDA), 122 D-glucosamine, 123 functionalized ionic liquids 124 or 1,10-phenanthroline 125 enables the copper-catalyzed coupling of sulfinic acid sodium salts with aryl iodides or bromides (Scheme 72). However, there is only one report for copper-catalyzed crosscouplings with aryl chlorides, 126 and this procedure is limited to activated, electron-poor (hetereo)aromatic chlorides, which should undergo a direct, uncatalyzed nucleophilic aromatic substitution.
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Scheme 72
Nagarkar and co-workers developed a copper-catalyzed cross-coupling of sodium p-toluenesulfinate with arenediazonium salts as an alternative to aryl halides. 127 The authors propose a TBAI-mediated in situ formation of aryl iodides as coupling partners by way of a Sandmeyer-type reaction (Scheme 73).
Scheme 73
Xu and Qing employed arenediazonium salts as starting materials in a copper-catalyzed coupling with sodium trifluoromethylsulfinate. 128 This method allows the mild synthesis of trifluoromethanesulfonyl-substituted arenes, of particular interest for medicinal chemistry, in good yields (Scheme 74).
Scheme 74
Cacchi and co-workers developed a palladium-catalyzed coupling of sodium sulfinates with aryl and vinyl halides for the synthesis of diaryl and aryl vinyl sulfones. 129 The best yields were obtained with Pd 2 (dba) 3 -Xantphos as the catalyst system. The reaction is strongly influenced by the addition of tetraalkylammonium salts, such as tetrabutylammonium chloride (Scheme 75). The palladium-catalyzed coupling of vinyl tosylates with aryl sulfonate salts gives aryl vinyl sulfones in a similar manner (Scheme 76). 
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Scheme 76
Yu and Wu reported an interesting palladium-catalyzed synthesis of sulfones by a denitrative coupling of nitroarenes with sulfinic acid salts (Scheme 77).
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Scheme 77
The groups of Beaulieu and Evans developed a coppermediated cross-coupling of boronic acids and sodium sulfinates (Scheme 78). 132 This oxidative coupling reaction provides a useful and mild alternative to the just-described coupling reactions.
Scheme 78
Later, several catalytic versions of these Chan-EvansLam-type couplings were reported (Scheme 79), including methods with imidazole 133 or phenanthroline 134 ligands, in ionic liquids 135 or water 136 and utilizing magnetically separable copper ferrite nanoparticles.
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Scheme 79
Xu, Liang and co-workers developed a palladium-catalyzed coupling of sulfonyl hydrazones with aryl iodides for the synthesis of allylic sulfones. 137 Base-mediated decomposition of the hydrazine leads to the simultaneous formation of a diazo compound and a sulfinate as nucleophilic coupling partners (Scheme 80). 
Scheme 80
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A common method for the regio-and stereoselective preparation of allylic sulfones is the transition-metal-catalyzed coupling of allylic electrophiles with sulfinate salts or sulfininic acids. 138 Allylic carboxylates, 139 carbonates, 140 alcohols 141 or nitro compounds 142 can undergo substitution reactions with sulfinic acids and their salts (Scheme 81). Reactivities and regioselectivities can differ significantly depending on the structure of the allyl electrophile and the catalyst system.
Scheme 81
Tian, Gu and co-workers reported a stereospecific substitution of enantioenriched allylic alcohols with sodium sulfinates that proceeds with complete retention of configuration (Scheme 82).
141b Palladium-catalyzed direct substitution of allylic amines with sulfinate salts is also possible, furnishing allyl sulfones with almost complete retention of configuration (Scheme 83).
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Scheme 82
In addition, various efficient chiral catalyst systems for the asymmetric allylic sulfonylation were developed in the 1980s and 1990s (Scheme 84). 144 In general, these methods enable the highly enantioselective synthesis of allylic sulfones, which are useful asymmetric building blocks. 145 A more recent example is the iridium-catalyzed regio-and enantioselective allylic substitution with sodium sulfinates. 146 Branched allylic sulfones are obtained in high regio-and enantioselectivities (Scheme 85).
Scheme 84
Scheme 85
Plietker and Jegelka showed that low-valent iron(II) complexes can catalyze the allylation of sodium sulfinates. 147 The sulfonylation of allylic carbonates proceeds with excellent retention of configuration (Scheme 86). They later extended their work to include α-sulfonyl succinimides as sulfonyl donors. 
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The transition-metal-catalyzed coupling of sulfonyl chlorides with various organometallic reagents is another approach for the synthesis of sulfones. Crucial for the success of these transformations is the reaction temperature. Vogel and co-workers showed that, at higher temperatures, desulfinylative carbon-carbon bond formation via sulfur dioxide extrusion takes place.
149 Palladium-catalyzed reaction of organostannes 150 or organoboronic acids 151 with sulfonyl chlorides at low temperatures yields the desired sulfones (Scheme 87).
Scheme 87
Hu and Lei reported copper-catalyzed coupling reactions of sulfonyl chlorides with arylboronic acids 152 or organozinc reagents, 153 respectively (Scheme 88).
Scheme 88
The copper-catalyzed reaction of silyl dienol ethers with sulfonyl chlorides affords γ-sulfonylated α,β-unsaturated carbonyl compounds (Scheme 89).
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Scheme 89 4 Sulfone Synthesis by C-H Functionalization
The selective functionalization of C-H bonds plays a key role in the development of efficient and sustainable methods for organic synthesis.
155 Regioselective metal-catalyzed as well as metal-free activations of C-H bonds have emerged as valuable tools for the preparation of carboncarbon and carbon-heteroatom bonds. In recent years, synthesis of sulfones by selective functionalization of C-H bonds has become an important area of research. Although the established Friedel-Crafts-type sulfonylation can be considered as C-H functionalization, recent research efforts focus on different reactivity profiles.
Dong and co-workers reported the first palladium-catalyzed C-H bond sulfonylation of phenylpyridines with sulfonyl chlorides (Scheme 90). 156 Mechanistic studies indicate a Pd(II)/Pd(IV) catalytic cycle. 
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Palladium-catalyzed sulfonylation of 2-aryloxypyridines with sulfonyl chlorides proceeds in the ortho-position relative to the directing group. 158 Removal of the pyridyl group thus gives access to ortho-sulfonylated phenols, which are difficult to synthesize otherwise (Scheme 91).
Two independent reports describe the ortho-sulfonylation of azobenzenes with arylsulfonyl chlorides via palladium-catalyzed C-H activation (Scheme 92).
159 Loh and coworkers developed a palladium-catalyzed alkenyl C-H bond sulfonylation of vinyl pyridines and enamides with sulfonyl chlorides (Scheme 93).
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Scheme 93
Palladium-catalyzed coupling of quinones with arylsulfonyl chlorides gives rise to arylsulfonyl quinones via a Heck-type coupling (Scheme 94).
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Scheme 94
Regioselective ortho-sulfonylation of quinolone N-oxides was achieved via copper-catalyzed C-H bond activation (Scheme 95). 
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Kambe and co-workers reported a nickel-mediated C-H bond sulfonylation of benzamides enabled by the 8-aminoquinoline (AQ) directing group (Scheme 96).
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Scheme 96
Interestingly, the copper-catalyzed reaction of benzamides bearing the 8-aminoquinoline moiety with sulfonyl chlorides leads to a remote functionalization of the quinoline (Scheme 97). 164 A ruthenium-catalyzed regioselective meta-sulfonylation of 2-phenylpyridines with sulfonyl chlorides was developed by Frost and co-workers. 165 The observed switch in regioselectivity is attributed to a change in the mechanistic pathway via a para-directing Ru-C bond (Scheme 98).
Scheme 98
Several groups reported copper-mediated ortho-sulfonylations of benzoic acid derivatives with sodium sulfinates employing the 8-aminoquinoline (AQ), 166 the 2-pyridinyl isopropyl (PIP), 167 or the amide-oxazoline (Oxa) 168 directing groups (Scheme 99). These oxidative coupling reactions utilize sulfinates as the coupling partner.
Scheme 99
Shi and co-workers described a palladium-catalyzed direct sulfonylation of non-activated C(sp 3 )-H bonds with sodium sulfinates enabled by the 8-aminoquinoline moiety (Scheme 100). 169 Late-stage sulfonylation of complex molecules can be achieved with this method. 
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The copper-catalyzed oxidative coupling of oxime acetates with sodium sulfinates provides access to sulfonylvinylamines and keto sulfones via a formal C(sp 3 )-H bond activation (Scheme 101).
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Scheme 101
Kamijo and co-workers reported a photoinduced sulfonylation of ethereal C-H bonds with sulfonyl chlorides. 171 The C-H bond activation is achieved by hydrogen abstraction with photoexcited benzophenone (Scheme 102).
Qu, Zhao and co-workers developed a metal-free, Hphosphonate-mediated direct sulfonylation of heteroaromatic N-oxides with sulfonyl chlorides, 172 wherein 2-sulfonyl-N-heterocycles are obtained as products (Scheme 103).
Scheme 103
The groups of Deng and Kuhakarn described methods for the regioselective C2-sulfonylation of indoles with sodium sulfinates catalyzed or mediated by iodine (Scheme 104). 173 Both authors propose an addition-elimination mechanism for this transformation. Later, an extension to the coupling of azetidine and oxetane sulfinate salts was reported. 174 TBHP/TBAI-mediated oxidative coupling of C2/C3-unsubstituted indoles with sulfonyl hydrazides leads to the formation of 3-sulfonyl-2-sulfonyldiazenyl-1H-indoles (Scheme 105). 
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Xiao, Deng and co-workers reported a metal-free direct sulfonylation of 2-methylquinolines with sodium sulfinates mediated by potassium iodide and TBHP (Scheme 106).
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Scheme 106 5 Sulfur Dioxide Based Three-Component Approaches
Almost all hitherto-described methods for the synthesis of sulfones utilize starting materials that already contain a sulfur functionality. Only a few of these sulfur-containing starting materials are commercially available, and their synthesis can be quite cumbersome. Therefore, efficient methods for the incorporation of the sulfonyl moiety from simple, readily available sources offer a very attractive approach for the preparation of sulfones. In the last 10 to 15 years, the development of new one-pot and multicomponent processes for the synthesis of sulfones from two sulfur-free starting materials and a simple sulfonyl source has become a very active area of research. 177 Of course, sulfur dioxide (SO 2 ) would be an obvious choice as reagent for the installation of a sulfonyl (-SO 2 -) moiety. Sulfur dioxide is produced on an enormous scale and has been utilized by mankind since ancient times. However, it is a toxic and corrosive gas. The associated safety considerations and the difficult handling can limit the use of sulfur dioxide in the laboratory-scale synthesis of fine chemicals. Despite this, sulfur dioxide has found various applications in organic synthesis.
178 Important examples include the sulfur dioxide ene reaction and the associated sulfur dioxide induced alkene isomerization, 179 as well as copolymerizations with alkenes to produce polysulfones. 180 Vogel and co-workers were among the first to investigate the potential of sulfur dioxide as a reagent in the synthesis of complex molecules.
177d They reported a Lewis acid promoted ene reaction of enoxysilanes and allylsilanes or allylstannanes. 181 The formed sulfinates can be trapped in situ with a variety of electrophiles, enabling a one-pot, three-componenet synthesis of polyfunctional sulfones (Scheme 107).
Scheme 107
Unfunctionalized alkenes can react with sulfur dioxide in the presence of stoichiometric amounts of boron trichloride to form sulfinic acid-boron trichloride adducts, which can be hydrolyzed with base to generate sulfinates. 182 Reaction of the latter with alkyl halides yields α,β-unsaturated sulfones in a one-pot transformation (Scheme 108). 
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Vogel and co-workers pioneered the use of sulfur dioxide in Lewis acid mediated hetero-Diels-Alder processes as a novel method to construct C-C bonds via an umpolung of electron-rich 1,3-dienes. 183 A typical example is depicted in Scheme 109. Reaction of a mixture of an electron-rich diene with sulfur dioxide and a silyl enol ether in the presence of a Lewis acid affords a silyl sulfinate. The Lewis acid catalyzes the initial formation and heterolysis of the hetero-DielsAlder adduct to from a zwitterionic sulfinate, which is trapped by the enoxy silane as terminal nucleophile. Treatment of the sulfinate with tetrabutylammonium fluoride (TBAF) and methyl iodide affords the corresponding sulfone in 63% yield and high stereoselectivity. This method allows the one-pot, four-component synthesis of polyfunctional sulfones and sulfonamides and has found application in the total synthesis of complex molecules and natural products.
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Scheme 109
The reaction of organometallic compounds with sulfur dioxide gas for the preparation of sulfinates is well documented. 1,178a Direct trapping of these salts without prior isolation provides a convenient one-pot approach for the synthesis of sulfones. Since various efficient procedures for the preparation of a plethora of highly functionalized organometallic reactions are known, 185 this process offers an attractive approach for the synthesis of complex sulfones.
A group from Boehringer Ingelheim developed a practical three-step protocol for the transformation of (hetero)aromatic halides into sulfones (Scheme 110). 186 Their procedure consists of (1) generation of a Grignard reagent via magnesium-halide exchange; (2) reaction of the Grignard reagent with sulfur dioxide to afford the corresponding magnesium sulfinate; and (3) trapping of the sulfinate with an alkylating agent.
Scheme 110
A similar one-pot sequence has been reported with a diaryliodonium salt as terminal electrophile (Scheme 111).
187
This procedure allows the efficient synthesis of aryl sulfones starting from (hetero)aromatic or aliphatic halides as well as non-prefunctionalized (hetero)arenes. The lithium, magnesium and zinc reagents were prepared via metal insertion, exchange or deprotonation.
It has been shown that lithium sulfinates, prepared in situ from the reaction of organolithium compounds with sulfur dioxide, can undergo oxidative coupling with benzoic acids bearing the amide-oxazoline (Oxa) directing group via copper-mediated C-H bond activation (Scheme 112). 
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Syn thesis Scheme 112 Despite its potential utility, there are some drawbacks associated with the toxic, corrosive and gaseous nature of sulfur dioxide. A popular strategy to overcome this limitation is the use of solid, easy-to-handle surrogates.
10c,177 Simple, commercially available metal sulfites (MSO 3 ) or metabisulfites (M 2 S 2 O 5 ) can release sulfur dioxide upon the addition of Brønsted acids or upon heating to high temperatures. Researchers from Pfizer described a palladium-catalyzed sulfonylation of (hetero)aryl halides with potassium metabisulfite (K 2 S 2 O 5 ) and sodium formate (Scheme 113). 188 Direct reaction of the generated sulfinates with alkyl halides enables the one-pot synthesis of sulfones.
They later reported a palladium-catalyzed three-component synthesis of sulfones from (hetero)arylboronic acids, alkyl halides and potassium metabisulfite (Scheme 114). 189 The authors propose an in situ formation of a palladium sulfinate, which then reacts with the alkyl halide.
Scheme 114
The gold-catalyzed reaction of (hetero)arylboronic acids with K 2 S 2 O 5 and alkyl halides yields the corresponding sulfones in a similar fashion (Scheme 115). 
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Willis and co-workers pioneered the use of the 1,4-diazabicyclo[2.2.2]octane-bis(sulfur dioxide) adduct DABSO as very useful, solid and bench-stable sulfur dioxide surrogate. 191 The addition of organolithium or organomagnesium reagents to DABSO generates the corresponding sulfinates, which can be directly trapped with a variety of different electrophiles, such as alkyl halides, epoxides or diaryliodonium salts (Scheme 116). 192 This method enables the onepot synthesis of a diverse set of sulfones. Organozinc reagents react with DABSO in a similar manner, and the generated zinc sulfinates can be alkylated to form sulfones (Scheme 117).
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Scheme 116
Reaction of organolithium reagents with DABSO, followed by palladium-catalyzed cross-coupling of the formed lithium sulfinate with (hetero)aryl halides allows the threecomponent synthesis of aryl sulfones (Scheme 118). 194 The lithium reagents can be prepared in situ through halogenlithium exchange.
Palladium-catalyzed coupling of aryl halides with DABSO in the presence of triethylamine yields ammonium sulfinates. These salts can be directly converted into a variety of sulfones by trapping with different electrophiles (Scheme 119).
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Scheme 119
Waser and Chen reported a one-pot, three-component synthesis of aryl alkynyl sulfones through the reaction of in situ generated sulfinates with ethynyl-benziodoxolone (EBX). 196 The sulfinates were prepared from DABSO and an organomagnesium reagent or aryl iodide and a palladium catalyst (Scheme 120). 
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Building on their previous results with the palladiumcatalyzed aminosulfonylation of aryl halides, 197 the Willis group developed a different approach for the one-pot synthesis of aryl sulfones based on in situ generated sulfonyl hydrazines. 198 Key steps in this transformation are the palladium-catalyzed aminosulfonylation of the aryl halide with DABSO and the hydrazine, degradation of the generated sulfonyl hydrazine to the corresponding sulfinate, and sulfinate alkylation to yield the desired sulfone (Scheme 121).
Scheme 121
Wu and co-workers extended this approach to the synthesis of diaryl sulfones utilizing diaryliodonium salts as electrophiles. 199 In this study, the intermediate sulfonyl hydrazines were prepared by reaction of diazonium salts with DABSO and hydrazines (Scheme 122).
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Scheme 122
Feng and co-workers reported an iodide-catalyzed three-component synthesis of vinyl sulfones from aryldiazonium salts, DABSO and alkenes (Scheme 123).
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Scheme 123 6 Biological Synthesis of Sulfones
Considering the biological activity profile of sulfones, and especially their antibacterial activities, it is very surprising that there are only three known examples of naturally occurring sulfones (Figure 2) . The diaryl sulfone echinosulfone A, a bromoindole derivative, was isolated from the marine sponge Echinodictyum sp. 202 So far nothing is known about the biosynthesis of echinosulfone A. Only as recently as 2015 did Hertweck and co-workers report the isolation of two more diaryl sulfones, sulfadixiamycins B and C, from recombinant Streptomyces species harboring the entire xiamycin biosynthesis gene cluster. 203 The authors propose a flavoprotein-mediated incorporation of sulfur dioxide, via a radical copolymerization of two carba- This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
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zoles with sulfur dioxide. This report might provide useful insights for biomimetic synthesis of sulfones in organic laboratories.
Conclusion
Sulfones (R-SO 2 -R) have been known for over 100 years, and they have found widespread application in organic synthesis and as pharmaceuticals, agrochemicals and polymers. Indeed, the first sulfone-based drug, sulfonal, dates back to 1888. 204 The chemistry of sulfones has been subject to a formidable evolution since their initial discovery and experienced a considerable growth in the last 15 years. The transition-metal-catalyzed reactions, selective C-H functionalizations, and methods based on sulfur dioxide and sulfur dioxide surrogates, in particular, have led to major improvements for the synthetic preparation of sulfones and related applications. Nevertheless, there is a constant high demand for novel general and sustainable methods for the synthesis of sulfones. Regioselective C-H functionalizations, sulfur dioxide based introductions of the sulfonyl moiety and biomimetic syntheses remain largely unexplored and new innovative possibilities still lie ahead. 
